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LONG-TERM GOALS

The ultimate goal of our research is to provide a physiologically and acoustically based
prediction of human lung damage due to low-frequency underwater sound. The threshold curve
we will produce will indicate the acoustic pressure at which damage may occur as a function of
frequency and exposure time. Our results will aid others in determining whether the sound
pressure levels produced or predicted using various diver deterrent systems allow it to function in
the nonlethal regime.

OBJECTIVES

The first objective is to determine how the human body responds to low-frequency underwater
sound and what causes the hemorrhaging in the lungs, which is commonly the first encountered
injury modality. The second objective is to use this understanding of lung damage to create a
damage threshold curve which indicates the predicted acoustic pressure, as a function of
frequency, below which injury may be avoided.

APPROACH

This work is a continuation of the work completed under contract N00014-06-1-0299. A finite
element model of human thorax has now been created that includes idealized geometrical
representations of the lungs, ribs, trachea, bronchiole tubes, spine, sternum, and a generalized
“abdominal mass” which accounts for the diaphragm, stomach, kidneys, and spleen. The elastic
properties of the lungs are calculated using a micromechanical model that accounts for the
internal micromechanical structure of individual alveoli and takes a spatial average of the
resulting elastic constants to determine the lung model’s Lamé constants. The resulting finite-
element model of the effective medium then calculates the response of the lung and other
peripheral organs to low-frequency underwater sound, with a focus on lung surface displacement




and calculated shear stress and shear strain. If instantaneous damage (as opposed to cumulative
damage) is being investigated, a series of simulations over a range of frequencies allows for the
determination of the acoustic pressure required to cause a shear strain equal to that believed to be
the threshold level for instantaneous damage in the lungs. If cumulative damage is of interest, a
progressive damage model has been developed which modifies local elastic properties of the
lungs based on the amount of shear strain calculated in the previous solution.

The team members on this project are:

Mark F. Hamilton, Professor and Principal Investigator
Yurii A. Ilinskii, Senior Research Scientist

Evgenia A. Zabolotskaya, Senior Research Scientist
Mark S. Wochner, Postdoctoral Fellow

Sarah L. Gourlie, Graduate Student

Paul A. Waters, Graduate Student

Theresa Y. Cheung, Undergraduate Student

WORK COMPLETED

Substantial progress has been made over the duration of our grant, particularly on our model of
the human lung. In addition to descriptions of our progress in monthly ONR reports, we have
disseminated our work publicly through a series of oral presentations at biannual meetings of the
Acoustical Society of America. The contents of these ASA meeting presentations are
summarized in published abstracts [Wochner et al. 2006, Ilinskii et al. 2006, Wochner et al.
2007a, Wochner et al. 2007b]. We have also presented our work in seminars at the Indiana
University School of Medicine [Hamilton 2007] and at the University of Rochester Center for
Biomedical Ultrasound [Wochner 2007]. Because our work is so novel, we have made an effort
to disseminate our results as widely as possible in order to solicit maximum feedback from the
acoustics, biomechanics, and medical communities. Feedback from these communities has been
positive, giving us confidence in our approach. The indented passages that follow are the
published ASA meeting abstracts.

We began by developing a micromechanical model of lung based on individual alveoli as
the fundamental elements [Wochner et al. 2006]:

This work is focused on studying the dynamics of the human lung in response to low-
frequency sound. The model developed uses individual alveoli as the basic unit cells,
which are represented as truncated octahedra [Y. C. Fung, J. Appl. Physiol. 64, 2132
(1988)]. Having 14 faces, this polyhedron possesses the smallest surface-to-volume ratio
of any polyhedron capable of filling three-dimensional space. Unlike previous quasistatic
models of this type, typically used to predict elastic properties of the lung, ours is a
dynamical model. Mass is concentrated at the vertices of the polyhedra. Viscoelastic
properties of the collagen and elastin in lung tissue are taken into account using a Kelvin
model that is augmented to account for nonlinear elasticity. The Kelvin elements connect
the point masses along the edges and across the faces of the polyhedra. Although not yet
taken into account, the model permits inclusion of alveolar ducts by opening or closing




selected faces of the polyhedra to accommodate airflow. Numerical simulations of small
alveolar clusters subjected to different excitations and geometric constraints will be
shown.

With the objective of developing an effective medium model that can be implemented in
commercial finite-element software packages, we next developed a semi-analytic model using
classical elasticity theory to describe an anisotropic medium possessing the cubic symmetry of
aveoli modeled as the truncated octahedral described above [Ilinskii et al. 2006]:

As described in a companion abstract, an investigation is underway to develop a
bioacoustic model of human lung. In parallel with the numerical model described in the
companion abstract, a semianalytic model is being developed. The basic unit cell, a
truncated octahedron, is the same. In contrast here, the medium is assumed to be infinite
in extent. The resulting lattice possesses cubic symmetry, and, for homogeneous
deformation, all material properties are determined by a single unit cell. Deformation of
the unit cell is determined by the 24 vertices of the polyhedron, only 6 of which are
independent. In this presentation we discuss quasistatic deformation of the discretized
medium, and thus ignore inertia and energy dissipation. An analytic model for the
nonlinear elasticity of collagen and elastin is used to determine the stiffnesses of the
springs connecting vertices of the polyhedra. Minimization of the potential energy for a
given macroscopic deformation permits calculation of microscopic deformation within
the unit cell, which in turn determines the stresses and therefore the elastic constants.
Sample calculations will be presented, including the longitudinal and transverse wave
speeds in the medium as functions of direction and orientation.

A significant finding in the work described in the preceding abstract was that the acoustic wave
speed in lung that was predicted on the basis of the elastic constants determined by this model
was in close agreement with the very low sound speed measurements reported in the literature,
which are about 40 m/s. Not mentioned, but also modeled at the time of the above two
presentations, are effects of surface tension and surfactant in lung tissue. The latter gives rise to
hysteresis.

The next step was to convert the anisotropic medium formed by the truncated octahedra
to an effective isotropic medium, because on the macroscopic level (much larger than alveoli, but
much smaller than the lungs themselves) the tissue may be considered to be isotropic. This was
accomplished by spatially averaging the three elastic constants for the anisotropic medium over
all orientations to obtain the two elastic constants for an isotropic medium, e.g., the bulk
modulus and shear modulus [Wochner et al. 2007a]:

This presentation is an extension of work described previously [Ilinskii et al., J. Acoust.
Soc. Am. 120, 3194 (2006)] on modeling the response of human lung to low-frequency
underwater sound. A lumped element model with alveoli represented as truncated
octahedra forming a periodic lattice with cubic symmetry was developed to capture the
microscopic properties of collagen and elastin. The lattice is deformed quasistatically to
determine the three elastic constants associated with the macroscopic behavior of the
system. In reality lung tissue is likely isotropic and therefore a method of averaging is
utilized to determine the two Lamé constants of the effective medium. The volume of the



lung is varied to simulate tidal breathing. The Lamé constants are determined for the
given lung volume and used in a commercial finite element package to calculate the
amplitude of vibration due to low-frequency acoustic excitation. The resulting spectral
response and scattered sound field are calculated for a water-loaded viscoelastic sphere
composed of the effective lung medium. Increase in lung volume tends to decrease the
resonance frequency, but increasing stiffness due to collagen tends to increase the
resonance frequency. Competition of these effects is discussed.

Using this approach for simple lung geometry (a sphere) we thus showed that the lung resonance
frequency can be a non-monotonic function of lung volume during a normal breathing cycle,
owing to the nonlinear elasticity of collagen and elastin fiber bundles in lung tissue.

Most recently, we configured our finite-element model to calculate scattered sound
pressure as a function of the amplitude and frequency of sound waves incident on a pair of lungs
in water, along the lines of the measurements of lung resonance made by Martin et al. [2005].
Additionally, inhomogeneity of the lung was taken into account in our finite-element model
[Wochner et al. 2007b]:

An effective medium, finite element model has been developed for human lung response
to low-frequency underwater sound [Wochner et al., J. Acoust. Soc. Am. 121, 3082
(2007)]. Macroscopic properties are determined by averaging over microscopic
properties associated with lung tissue elasticity and alveolar geometry. The resulting
elastic constants depend on lung volume and thus vary with the phase of the breathing
cycle. This presentation discusses effects due to spatial variations in lung and geometric
features specific to the anatomy of lung. An important variation in elastic properties
occurs where soft tissue of the parenchyma attaches to much stiffer bronchial tissue,
resulting in stresses that may cause injury at high levels of acoustic excitation. A factor
affecting inhomogeneity within the parenchyma is the orientation of the swimmer. When
vertical, the suspension of the lung under its own weight may cause the stiffness to be
higher at the top of the lung than at the bottom, resulting in a change in the lung
resonance frequency. Finally, patient-specific geometries based on volumetric data of the
human thorax are considered. Results will be presented showing stress and strain fields,
lung resonance, and mode shapes.

One prediction reported in this presentation was an increase in lung resonance frequency in the
upright versus prone position of the human subject, which was later found to be consistent with
measurements reported by Dr. Edward Cudahy at a recent ONR program review [Cudahy 2007].

Finally, we have also made headway on developing a lumped-element model of the
human body and its internal organs to account for whole-body vibration due to gradients in the
sound field. Our approach to this problem is entirely different from that for studying lung
resonance phenomena. The analysis is based on a five-degree-of-freedom body model
developed by Henning von Gierke [1971], who wrote that “The model is used to calculate body
deformations (thorax compression, pressure in the lungs, airflow into and out of the lungs,
diaphragm and abdominal mass movement) as a function of external longitudinal forces
(vibration or impact) and pressure loads (blast, infrasonic acoustic loads).” The corresponding
state equations were derived and are being used to calculate frequency responses of body
deformations due to an incident low-frequency sound wave in water. An extensive literature




search is underway to identify other potentially relevant whole-body vibration models that might
provide independent confirmation of the predicted frequency responses, and also to find
measurements made in frequency ranges relevant to our problem.

IMPACT/APPLICATIONS

For development of non-lethal methods of swimmer neutralization based on low-frequency
underwater sound, our research will help estimate acoustic thresholds below which serious or
fatal injuries may be avoided. In addition, this finite element thoracic model may also be useful
for a variety of other applications including simulation of human lung response to blast waves
and comparison of lung dynamics in health and disease.
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Whole-Body Vibration of Humans due to a
Low-Frequency Underwater Sound Field

Sarah Lynn Gourlie, M.S.E.
The University of Texas at Austin, 2008

Supervisor: Mark F. Hamilton

Possible effects of whole-body vibration of humans that occur as a result of low-
frequency underwater acoustic excitation are discussed, with the aim of predicting
discomfort or potential injury to divers from low-frequency sonar. The frequency
range of interest is 40-80 Hz, which encompasses the resonance of the human lung.
It is assumed that the diver is neutrally buoyant and will therefore experience whole-
body acceleration equal to the particle acceleration produced by the sound field in
the absence of the diver. A literature review of experiments, models, and standards
for whole-body vibration in air was conducted, the findings of which were used in
an attempt to draw conclusions about the effects of whole-body vibration in an
underwater environment. Emphasis is placed on using lumped-element biodynamic
models of the human body to predict the response of different body parts to the
whole-body vibration. Unfortunately, it is difficult interpret the results of these

simulations, as no data on motion within the body have been found by the author.
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It is especially clear that experiments at frequencies above 20 Hz are required before
conclusions can be drawn. One apparent conclusion, however, is that the effect of
the acoustic pressure of the wave will dominate over whatever effects occur as a
result of the particle acceleration; therefore, the effects of the whole-body vibration

will most likely be unimportant.
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Chapter 1

Introduction

Human bioresponse to acoustic excitation has been studied in many contexts and
many ways. From the pain caused in the ears by loud noise to seasickness, acoustic
waves and vibration have widely varying effects on humans. Of particular interest to
this thesis are the effects of what is known as whole-body vibration; low-frequency
translational vibration of the human body, as experienced, for example, in a car on
a bumpy road. The motivation for this research is the creation of a nonlethal un-
derwater deterrent system for harbors which will make use of intense low-frequency
acoustic waves in water.

The frequency range for the acoustic waves is 40 to 80 Hz, which was chosen to
encompass measured resonances of the human lung [1]. Corresponding wavelengths
for these frequencies in seawater are between 18 and 38 m. An approximate scale
for this situation is shown in Figure 1.1. With these long wavelengths, the human
body is small enough to be approximated by lumped elements. Thus, responding
to the acoustic pressure, the body pulsates like a bubble due to the lung cavities,
and responding to the particle velocity of the wave, the body will experience whole-
body vibration. Much work is being done to understand the body’s response to the

acoustic pressure of these waves, particularly the lung’s response, as it is understood
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Figure 1.1: Appriximate comparison between size of wavelength and size of diver
for low-frequency sonar

that the response of the lung to the acoustic pressure will be the main and most
severe response to the sound. However, in the interest of understanding all of the
effects of the underwater acoustic wave, the effects of the translational vibration
associated with the particle velocity are studied in detail in this thesis. It is the
aim of this thesis to understand the effects of whole-body vibration on humans well
enough to predict whether the whole-body vibration from the particle velocity of
the underwater sound source will produce an effect on the diver that is comparable
to the effect of the acoustic pressure on the lungs.

The first step taken to understand the effects of this underwater whole-body
vibration source was to perform a literature search on whole-body vibration, gather-
ing as much information as possible. Whole-body vibration experiments and studies
as well as lumped-element models of the human body that match vibration data
were found, with everything focused solely on vibration in air. The bulk of the
papers found by the author were studies done by von Gierke’s group at the Wright-
Patterson Air Force Base [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18],
and by Michael Griffin in the Human Factors Unit of the Institute for Sound and
Vibration Research [19, 20, 21, 22, 23, 24, 25, 26, 27|. From this literature search
there seem to be two different ways of understanding the whole-body vibration that
occurs due to the underwater sound field.

The first approach used by the author involves comparing the excitation from



the underwater sound wave to inputs of vibration experiments, and using the results
of the experiments to predict the effect of the underwater excitation. There has
been extensive experimentation on and modeling for whole-body vibration in air,
with most of the work done in the context of vehicle vibration, thus dealing with
seated subjects vibrated with frequencies under 20 Hz. These specifications are not
particularly applicable to the context of the underwater sound field in the frequency
range of 40 to 80 Hz, but attempts to extrapolate information are made. Chapter 2
details several experiments as well as two standards for limiting vibration exposure,
and uses the results and limits found in these documents to put the input of the
underwater sound field in the context of whole-body vibration.

The second approach is to use lumped-element models of the human body
that were created to interpret vibration data. Although the data used to make the
models were all taken in air, and usually at frequencies under 20 Hz, the models
can be changed to account for different assumptions or contexts. Although this may
be a more accurate way to get data, the problem arises that the results obtained
are the motions of effective model elements within the body, and difficulties arise
when trying to interperet the predicted motions. However, the models are one of
the best ways to begin to understand what might be happening within the body
as a result of the whole-body vibration. Chapter 3 is a compilation of the whole-
body vibration models gathered, with as much detail and context as is known by
the author. Only linear lumped element models were gathered, so there is a wider
selection of models that include nonlinear parameters or use finite element modeling
methods. Chapters 4, 5, and 6 detail the work done by the author to interpret the
models and adapt them for the underwater sound excitation and the assumptions
forthcoming in the Introduction. Also, results from the models are shown, although
little interpretation can be given.

It is important to note that throughout this thesis, and using either approach,



the excitation sound wave, which is the source of the vibration, does not change.
Although the modal structure of low-frequency sound in shallow water could be
taken into account, the input wave is assumed to be a time-harmonic progressive
plane wave for simplicity. An expected sound pressure level (SPL) for a typical
low-frequency single sonar source such as this one is 190 dB re 1 gPa. An upper
limit for the SPL, due to onset of cavitation, is 230 dB, and all through the paper
the two values of 190 and 230 dB will be used as the two inputs that are considered.
To find the input vibration amplitude from these SPL values, it is first assumned that
the diver is neutrally buoyant. This is a reasonable assumption, as it is common
practice for scuba divers to be neutrally buoyant in order to maintain depth control.
When the diver is neutrally buoyant and approximated as an entrained particle in
the low-frequency wave, he will oscillate with velocity and acceleration equal to the
particle velocity and acceleration of the wave. Two quantities are of interest, the
peak pressure and acceleration amplitudes in the wave. Because the excitation wave
is a progressive plane wave, these can be calculated for a single frequency, f, from

the definition of sound pressure level. The acoustic pressure amplitude is
po = V2 x 10FL/20-6 py (1.1)
and the particle acceleration is

= 2mfpo _ 4.9F x 10EPLAN-12 5 2 (1.2)
PoCo

where pg is the density and ¢y the sound speed of seawater, which are taken to be
1026 kg/m3 and 1500 m/s, respectively. Acceleration is most commonly used in
the context of whole-body vibration with units of g, the acceleration due to gravity
(g = 9.81 m/s). Figure 1.2 is a plot of the acceleration input amplitudes that are

linearly increaing with frequency for the range of 40 to 80 Hz, which shows that a




difference of 40 dB in SPL generates a difference of two orders of magnitude in the

input accelerations.
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Figure 1.2: Input acceleration amplitude as a function of frequency for (a) 190 dB
and (b) 230 dB.

Another important assumption that is made throughout this thesis is that
the diver is perfectly horizontal in the water, with a horizontally propagating wave
as the excitation. With such an orientation, all of the vibration is along the spinal
axis of the diver, which is the axis where vibration is applied in most experiments
and models. This assumption is not entirely realistic, as there is no way to know or
control the diver’s orientation in the water. However, the assumption provides an
upper limit, where if the assumption is true, the diver is subjected to the maximum
amount of vibration along the spinal axis. So it must be understood that the inputs
shown throughout the paper are the absolute maxium vibration the diver would
experience along the spinal axis for a given sound pressure level and frequency.

Because all of the whole-body vibration experiments have been performed in
air, the models created are either for standing or seated subjects, and it has also
been concluded that the posture (erect, relaxed, etc.) of the subject has an effect
on the response of the body. For a submerged, neutrally buoyant diver, the diver
is neither seated nor standing, and ‘posture’ is not really applicable. It is not clear
whether using a standing subject model or a seated subject model is more accurate,

but it is most likely that this will not matter, as the focus for this thesis is on the



inner organs and the open cavities of the body. This is because these inner organs
experience the greatest relative motion with respect to the skeleton than any other
part of the body, so there is greater possibility for discomfort and injury. For this
reason, it is detail of the inner organs that determines the relevance of the model,
rather than the posture.

Another observation is that for experiments performed in air on seated or
standing subjects, gravity is acting as a force on the body and on the organs within
the body along the spinal axis—the axis of vibration. However, a neutrally buoyant
diver horizontal in the water experiences gravity in a different way, as different
organs have different masses, the gravitational force is not uniform within the body.
It will be assumed, however, that the effect of gravity is negligible compared to the
input sound wave, and that in any case the body is in dynamic equilibrium in the
absence of the acoustic excitation. Since only linear systems are considered, gravity
will therefore have no effect on the dynamic responses of the individual organs and
henceforth it will be omitted from the models and discussion.

Under these assumptions and simplifications, there can be some understand-
ing of the effects of the whole-body vibration due to the acceleration associated
with a low-frequency underwater sound wave. However, it is understood that many
simplifications are used, and extrapolating the reported experiments and models to
frequencies above 20 Hz may not be valid. It is important to realize that models
are made to serve a specific purpose, and attempting to use a model for a different
purpose may be invalid. This thesis uses the information available in an attempt to
get the most comprehensive and accurate understanding of whole-body vibration in
an underwater context, but it is emphasized that more work and experimentation

is needed to fully understand this topic.




Chapter 2

Observed Effects of Whole-Body
Vibration

The first method used to understand the effects of the underwater sound field as
a whole-body vibration source is to compile and extrapolate from known effects
of whole-body vibration. This chapter reviews some experiments that have been
conducted to understand human response to whole-body vibration and presents
safety limits that have been proposed in standards. Most studies are performed with
subjects seated or standing on a vibrating platform, and measurements are taken
using accelerometers or pressure sensors. Subjective responses from the subjects
are often recorded as well. Experiments on humans test the limits of perception,
comfort, and tolerance, and experiments on animals have surpassed these limits in
an attempt to understand how a body might be injured as a result of vibration.
Some problems with this method lie in the fact that since most of the ex-
periments were done in air, it is unknown if the results can be used to accurately
interpret an underwater situation. Also, very little experimentation was done in
the frequency range of interest, so results are extrapolated to the frequency range.

Finally, since all experiments were done in controlled situations with subjects who



were aware of what they were experiencing, an actual reaction to a first-time ex-
posure underwater is impossible to predict. However, these experiments are the
closest approximation to the true situation, and will allow insight into the effects of

whole-body vibration.

2.1 Early Experiments

The first experiment found by the author was published in 1958 by Dieckmann [28].
His experimental procedure tested sitting and standing positions, horizontal and
vertical vibrations, and a frequency range up to 100 Hz. His main results include
head-movement diagrams, impedance plots, and tolerance curves based on strain.
Dieckmann introduced a K-scale, where ‘K’ is the degree of strain. Dieckmann
created a scale in which a K = 10 should be allowed only for a short time, and a
K =100 is the upper limit of strain for the average person. Figure 2.1 shows the K
curves on a plot of acceleration vs. frequency, with the input from the sound field at
190 dB and 230 dB added for comparison. Clearly, if 230 dB can be achieved then
the exposure limit will be surpassed, and 190 dB passes the K = 1 line. Further
calculation shows that the minimal SPL to exceed the strain limit at approximately
40 Hz is around 220 dB.

A number of researchers at the Aerospace Medical Research Laboratory at
Wright-Patterson Air Force Base conducted a group of whole-body vibration exper-
iments in the early 1960s. The Air Force Medicine community was focused on this
research at the time as Air Force personnel were exposed to lower frequency, higher
amplitude vibrations from jet propulsion systems that were increasingly more pow-
erful and from manned space travel, especially the re-entry phase. They measured
strain [8], internal pressure [5], and visual acuity [7]. They also performed a study
focused on the effect of the duration of exposure to vibration [2]. As with most of the

studies done in air with the purpose of investigating vehicle vibration, all of these
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Figure 2.1: Dieckmann’s K-scale for vertical vibration with underwater sound field
input accelerations added by present author in red [28].

studies cover only frequencies below 20 Hz, because it is understood that mechanical
damping systems can be used to protect operators against vibrations above 20 Hz.
Although these frequencies are not in the range of interest, the exposure duration
experiment can be of use.

The exposure duration experiment was conducted with sinusiodal vibrations
created by a shake table and a vertical accelerator. The seated subjects were vi-
brated at a given frequency with increasing amplitude until their tolerace level was
reached, at which point the subject pushed a button to stop the vibration. The
authors stress that the subjects were not stopping the vibration at discomfort level,

but at a point where they thought actual bodily harm might occur. In this way,



a tolerance acceleration amplitude was obtained for each frequency for short times,

one minute and three minute durations. The results are given in Fig. 2.2, again with
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Figure 2.2: Results of vibration duration experiments with underwater sound field
input accelerations in red. After Magid et al. [2], with red lines added by present
author.

the input from the sound field at 190 dB and 230 dB added by the present author.
Here, the 230 dB input is above the one-minute tolerance, and it appears that it
might stay above it if the tolerance curve were extrapolated to higher frequencies.

The 190 dB input is well below the tolerance level for any duration.

2.2 Standards

There are two main standards that set guidelines for vibration exposure in air.
The first is the international standard ISO 2631, “Mechanical Vibration and Shock
Evaluation of Human Exposure to Whole-Body Vibration. Part 1: General Re-

10




quirements,” and the second is the British standard BS 6841 “Measurement and
Evaluation of Human Exposure to Whole-Body Vibration.” Michael J. Griffin,
head of the Human Factors Research Unit at the Institute for Sound and Vibration
Research and author of the Handbook of Human Vibration [20], has very strong
opinions about these two standards. In his paper “A comparison of standardized
methods for predicting the hazards of whole-body vibration and repeated shocks”
[22] he describes and compares the two standards, discussing the historical progres-
sion and validity of each. Griffin’s paper stresses the fact that there is error in both
the measurement and evaluation of human exposure to vibration. Standards do not
define a way to report the type of evaluation method used for a particular case, and
even within a particular method, there are discrepancies over acceptable levels of
vibration. Evaluation of whole-body vibration is inexact at best and effects of vibra-
tion vary from person to person, so there is no way to know the exact consequences
of vibration exposure. Figure 2.3 is a comparison of some vibration threshholds
presented in the two standards from Griffin’s paper.

The original version of ISO 2631 dates back to 1974, and the most recent
version was published in 1997. The first working group, convened in 1964, priori-
tized the definition of acceptable limits of exposure for industry, transportation, and
residential premises [29]. Many of the conclusions originally drawn were based on
Dieckmann’s work with strain curves [28]; however, the lack of consistent data and
the fact that exposure time was not taken into account in Dieckmann’s study made
it difficult for the group to agree on appropriate exposure limits. After subsequent
meetings and additional measurements, the committee released the 1974 version,
with exposure limits for the frequency range between 1 and 80 Hz. Griffin criticizes
the early versions because of a complex exposure-time dependance, some unrealistic
restrictions, and a contradictory calculation method. After an intermediate version

and many improvements, the current standard includes both root mean square (rms)
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Figure 2.3: Griffin’s comparison of vertical vibration limits: (a) ISO 2631 (1985)
versus BS 6841 (1987); (b) ISO 2631 (1985) versus ISO 2631 (1997); (c) BS 6841
(1987) versus ISO 2631 (1997). Curves of decreasing amplitude, shown for 1 s,
1 min, 1 h, 8 h, 24 h, respectively. From Griffin [22].

and vibration dose value evaluation methods. Although the two methods allow for
more accurate evaluation of vibration, Griffin still criticizes the latest version, saying
that there is confusion about when to implement the different methods.

The basic vibration evaluation method described in the different versions of
ISO 2631 did not change, and involves the calculation of the rms amplitude with
exposure limits presented as a function of frequency and rms acceleration. The
boundaries incorporate a frequency weighting system based on measured equal com-
fort contours. In particular, the standard presents a “reduced comfort boundary”, a
“fatigue, decreased proficiency boundary” (FDP) and an “exposure limit” for several
different exposure times. Figure 2.4 shows the latter two limits at an exposure time
of 1 minute, which is the shortest presented in the standard, plotted with the input

rms accelerations due to the underwater sound field at 190 and 230 dB. As the plot
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Figure 2.4: ISO 2631 limits for 1 minute exposure time with underwater sound field
input accelerations.

shows, in the 40-80 Hz frequency range, 230 dB is above the exposure limit while
190 dB doesn’t pass the FDP boundary. Further calculation shows that in order to
exceed the FDP boundary at frequencies above 8 Hz, 219 dB must be achieved, and
in order to pass the exposure limit above 8 Hz, 225 dB must be achieved.

The British Standard also uses weighted rms amplitudes for the primary
vibration evaluation method, but for larger or variable vibrations it advocates the
use of the vibration dose value (VDV), which uses a fourth root instead of a square
root in the time dependance. This gives more reasonable results for both long and
short exposure durations, with a simpler overall process. The standard states that
it is impossible to specify the probabilty of injury for a certain amount of vibration,
but claims that vibration dose values of 15 will usually cause severe discomfort, and
increased exposure will cause increased risk of injury. Figure 2.5 shows a frequency
and acceleration plot for a VDV of 15 for two different exposure times, one minute

and one second, along with the 190 and 230 dB sound field accelerations. The plot
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Figure 2.5: Accelerations Corresponding to a VDV of 15 as in BS 6841.

shows that 190 dB is not even close to the VDV of 15 for a one minute exposure
time, and in order to exceed the limit for one second at frequencies above 8 Hz, it

can be calculated that at least 225 dB is needed.

2.3 Other Negative Effects

The above standards exist mainly to set limits for everyday situations, and the
“absolute limit” should be interpereted accordingly. Exposure to vibration has killed
mice, rats, cats, and monkeys, and there is no reason to believe that it could not kill
humans as well (e.g., see [30] for an experiment involving cats). The one instance
found by the author of an intense reaction in a human was reported by Griffin [20],
in which gastrointestinal bleeding occured after vibration of 10g at 25 Hz. Exposure
to vibration in the 15 to 25 Hz frequency range kills mice, and it is believed that

the most severe effects in humans would occur at a lower frequency due to increased
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visceral masses in humans, so severe effects are not likely to happen in the frequency
range of interest (40-80 Hz) [4]. Similarly, another negative effect of whole-body
vibration, motion sickness, is well understood to be a phenomenon that occurs at
frequencies of vibration below 1 Hz, and therefore would not occur in the frequency
range considered for this paper [31].

Exposure to vibration may also affect the extent to which people are able
to carry out tasks, and there are several studies on the effect of vibration on the
performance of tasks [6, 32]. Usually, subjects are required to perform a task, such as
writing or controlling their movements, while being vibrated at various frequencies
and amplitudes. Most of the studies are concerned with vehicle vibration, and only
include frequencies below 20 Hz, so no conclusions can be drawn that apply to the
frequency range of interest. In addition, the type and complexity of necessary tasks
as well as the amount of practice the diver has in performing the tasks are important
factors that will remain unknown in the context of a deterrent device.

The effect of vibration on vision is another factor that has been studied
extensively [7, 19]. One way that visual acuity, the ability to visually resolve separate
objects, is tested by finding out how far apart lines need to be in order for a subject
to tell that there are two lin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>